In the endocrine portion of the fetal rodent testis, physiological competence is achieved concomitantly with morphological differentiation. Even before the seventeenth day when Leydig cells can be distinguished by PAS staining (RoosenRunge and Anderson, '59), the fetal rat testis has begun to secrete a diffusible androgen-like substance that is capable of stimulating the development of the male genital tract and suppressing ovarian differentiation (Price and Pannabecker, '56; Macintyre, '56) . While the hormone has not been identified unequivocally as testosterone (Price, '59) , there is cytochemical evidence (Niemi and Ikonen, '61) that 3P-hydroxysteroid dehydrogenase, an enzyme essential in testosterone synthesis (Samuels et al., '51) , is present in the Leydig cells of the fetal rat testis at 15 days.
The initiation of steroidogenesis early in gonadal development presupposes functional metabolic pathways providing energy for synthesis. This survey of enzyme activity and distribution in the developing Leydig cells of the murine testis attempts to define the chronology of androgen production and the metabolic parameters related to it. The mitotic index of these cells is also noted, since the quantification of enzyme activity assumes a knowledge of the growth pattern of the interstitial tissue.
METHODS
Testes from BALB/c Jax mice were used in all studies. Embryos were considered 12 hours old when vaginal plugs were found, and all ages of fetal animals were determined accordingly. Cytochemical studies were made on testes from fetal mice fourteen and one-half to nineteen and one-half days old, and from animals taken at five-day intervals from zero to 30 days, as well as at 45, 60 , and greater than 90 days. Quantitative work included only postpartum mice. Tissues were excised and frozen rapidly in a test tube immersed in an absolute alcohol-dry ice bath at -65°C. Sections were cut at 6-10 CI in a cryostat maintained at -20°C and attached to the slides by momentary thawing. Before use, sections were brought to room temperature (23-25 " C ) and dried in a current of air. Slides of unfixed sections were placed directly in the incubation medium together with slides holding sections of the same tissue fixed for 20 minutes in: (1) acetone at 2°C (Novikoff et al., '60); (2) acetone at -65°C (Pearson et al., '59); or (3) calciumformol at 4°C (Holt, '58) . Comparative studies of each enzymatic reaction in the entire age series were based on all four preparations.
Reaction mixtures for the demonstration of oxidative enzymes contained the following final concentrations of reagents : Sprrensen phosphate buffer, 27 mM, pH 7.4 (exceptions noted below) ; diphosphopyridine nucleotide (DPN) or triphosphopyridine nucleotide (TPN), 0.66 mM (Sigma; phenazine methosulfate, 0.065 mM (Sigma) were used in th'e same system, without the nucleotide. Final concentrations of substrates and cofactors were: for the DPN-linked lactic or malic dehydrogenases, sodium lactate or sodium L-malate, 50 mM (Nutritional Biochem. Corp.); for 38-hydroxysteroid dehydrogenase, dehydroepiandrosterone (A5-androsten-3@-ol-17-one) or related steroids (stock in acetone), 1.0 mM (Sigma); for a-glycerophosphate dehydrogenase, sodium a-glycerophosphate, 30 mM (Eastern) and magnesium sulfate, 20 mM; for 0-hydroxybutyric dehydrogenase, 50 mM sodium DL-B-hydroxybutyrate (Sigma). For TPNlinked isocitric dehydrogenase, 30 mM sodium DL, allo-isocitrate (Sigma) and manganous chlorid'e, 3.8 mM, were used. Isocitric dehydrogenase activity was determined at pH 7.8 and 3i3-hydroxysteroid dehydrogenase activity, at pH 8.0. Sections for DPN-diaphorase visualization were incubated at 37°C for eight minutes; otherwise, best results were achieved in 30-40 minutes. During incubation, reaction mixtures were agitated continually by a stream of nitrogen. Controls were incubated in media lacking substrates, coenzymes, or cofactors. Others were subjected to dry heat for one hour at 60°C prior to incubation.
Aliesterase was detected by the method of Pearse ('60), using Fast Blue B (diazotized diorthoanisidine, General Dyestuff Company) as the coupling agent. Sections were agitated at room temperature for four-six minutes. Cytochrome oxidase preparations were made following Burstone ('60, '61) and employing either 8-amino-l,2,3,4-tetrahydroquinoline, 1.4 mM (Eastman) or 5-hydroxy-l,4-naphthoquinone, 1.2 mM (Aldrich) as couplers. Sections were incubated for 30 minutes at 37°C. The addition of 5 mg of cytochrome c (Sigma) per 10 ml of medium enhanced the reaction considerably. Cyanide served as an effective control.
Quantitative determinations of enzyme activity were made on tissues homogenized in distilled water at O"C, using a TenBr$ck all-glass homogenizer. DPN-diaphorase and lactic and malic dehydrogenase activities were assayed at 21°C in a Beckman Model DU spectrophotometer, using Corex cuvettes of 1.0 cm light path. For diaphorase the reaction mixture contained final concentrations of 30 mM Sorensen phosphate buffer, pH 7.4; 3 mM KCN; 0.03 mM 2,6-dichlorophenol -indophenol (DIP); and 0.33 mM DPNH. Changes in absorbance were measured at 15-second intervals at 600 mw, slit width less than 0.01 mm. Results were expressed as moles of dye reduced per minute per mg of total nitrogen or per mg of tissue, wet weight. The molar absorbancy index (molar extinction coefficient) of DIP used was 17.8 X lo3 cm'/mole (Steyn-Pard and Beinert, '58). Lactic and malic dehydrogenase activities were assessed by measuring the change in absorbance of DPNH at 340 mu, 0.04 mm slit width. Reaction mixtures contained final concentrations of 30 mM S$rensen phosphate buffer, pH 7.4; 100 mM sodium lactate or sodium L-malate; 3 mM KCN; and 2 mM DPN. Activity was expressed as moles of DPN reduced per minute per mg of total nitrogen or per mg of wet weight of tissue, assuming the molar absorbancy index of DPNH as 6.22 X lo6 cmz/mob (Horecker and Kornberg, '48). Reaction rates were linear over the time measured and determinations were made in duplicate or triplicate against no-substrate and no-coenzyme controls. Reagents for the assay of aliesterase in final concentration were 20 mM Sorensen phosphate buffer, pH 7.4 and 0.3 mM a-naphthyl acetate (stock in acetone). After incubation at 37"C, the enzymatically-liberated a-naphthol was coupled with Fast Red ITR (diazotized 4-diethylsulfonamido-2-amino-anisole, General Dyestuff Co.) to yield a colored product, the absorbance of which was recorded at 555 mp in a Coleman Model 6A spectrophotometer (Gomori, '53 
CYTOCHEMICAL RESULTS
Certain strong enzymatic responses of the Leydig cells made it easy to detect their presence in the otherwise unreactive murine testis.
DPN-diaphorase activity could be visualized in the interstitial cells at fifteen and one-half days of fetal life ( fig. 1 ). The reaction remained moderate through the first week of neonatal life. After ten days the number of Leydig cells visible in the interstitial areas had been reduced considerably although the responses of individual cells was strong ( fig. 2 ). At 30 days ( fig. 3 ) and thereafter, all the interstices contained Leydig cells which exhibited intense DPN-diaphorase activity.
Lactic and malic dehydrogenase activties were strong between their appearance in the fetal Leydig cells at fifteen and onehalf days and the time of birth ( fig. 4 ). In young postpartum mice th,e distribution of lactic dehydrogenase was broader than that of malic dehydrogenase. After two weeks, the activity of both catalysts decreased and at 20 days only a few sites of enzyme activity were evident in the sparsely populated interstices. Both enzymes were widely distributed in the Leydig cells after puberty (ca. 28 days), but lactic dehydrogenase responses were more intense.
3B-hydroxysteroid dehydrogenase was present in the testis of the fifteen and onehalf day mouse embryo, but the reaction was less intense than that of lactic dehydrogenase ( fig. 5 ). During the third week postpartum, the few Leydig cells that could be found were strongly reactive ( fig. 6 ). After 30 days all the interstitial spaces contained reactive cells, but their intensity was diminished noticeably. Gradations of response were sometimes apparent even within a single group of cells ( fig. 7) . Activity was demonstrated with either pregnenolone (A5-pregnen-38-ol-20-one) or methylandrostenediol ( 17-methyl-A'-androsten-3J7B-diol) in place of dehydroepiandrosterone as a substrate, but responses were weaker. Leydig cells were unreactive with estradiol 1713, estrone, and testosterone.
B-hydroxybutyric dehydrogenase activity was observed in the fetal Leydig cells between sixteen and one-half days and the time of birth. The testis of the newborn mouse contained levels adequate for visualization up to ten days, but after that time no reaction was discerned unti1 puberty. From 30 days on, all Leydig cells showed activity equivalent to that exhibited by 3B-hydroxysteroid dehydrogenase.
DPN-linked a-glycerophosphate dehydrogenase showed weak reactivity in the interstitial cells of the embryonic testis. This persisted through the first week postpartum. No responses were seen during the interval from 15 to 25 days, but irregular weak reactions were found again after puberty.
Triphosphopyridine nucleotide diaphoruse activity was especially prominent in the Leydig cells of the fetal testis from fifteen and one-half days until birth. During late gestation its distribution was quite extensive ( fig. 8 ). In the post-partum animal the TPN-diaphorase reaction became less conspicuous, whereas the moderate DPN-diaphorase levels of the fetal testis were noticeably augmented, and strong responses characterized the Leydig cells after puberty.
Isocitric dehydrogenase was the only TPN-linked enzyme demonstrable in the murine interstitial cells. The enzyme was present beginning at sixteen and one-half days of fetal life. With the exception of the weak responses found during the ten-day interval preceding puberty, the Leydig cells showed levels of isocitric dehydrogenase activity comparable to those of B-hydroxybutyric dehydrogenase throughout development. A DPN-linked isocitric dehydrogenase occurred only in the seminiferous tubules.
Succinic dehydrogenase activity was particularly difficult to demonstrate adequately in the Leydig cells. Weak, equivocal responses were seen during the first 15 days after birth, and again after 30 days, but no clear picture of enzyme activ-ity was found in the fetal testis, or in the interstitial cells during the two weeks preceding puberty.
DPN-linked glutamic dehydrogenase showed such poor, erratic activity even with the addition of magnesium, that attempts to follow it through development were futile. The Leydig cells showed no sorbitol, alcohol, or alanine dehydrogenase activity with DPN as a coenzyme. Neither could 3-phosphoglyceraldehyde dehydrogenase be found, although Himmelhoch and Karnovsky ('61) reported intense activity in rat Leydig cells. There was no evidence of the presence of TPN-linked lactic, malic, 313-or 1713-hydroxysteroid dehydrogenases.
Aliesterase activity could be ascertained only with difficulty after its appearance in the sixteen and one-half day fetal Leydig cells. The weak responses found in the neonatal testis were almost lost before weaning. Even at 30 days, esterolytic activity, while distributed broadly through the interstices, had not increased greatly in intensity ( fig. 9 ). Within a week, however, esterase levels had risen appreciably, and by 90 days, responses typical of the adult Leydig cells ( fig. 10 ) were obtained.
Cytochrome oxidase was evident in the fetal testis concomitantly with the diaphorases and the associated oxidative enzymes. Like DPN-diaphorase, responses remained moderate during the prepubertal period even when distribution was confined to small aggregates of Leydig cells. Interstitial areas in the adult tissue evinced strong cytochrome oxidase activity.
Phosphatases could not be demonstrated in the murine Leydig cells by these methods: alkaline phosphatase, Gomori (cf. Pearse, '60) , and the modified azo-dye method of Pearse ('60) ; adenosine triphosphatase, Padykula and Herman ('55) and Wachstein et al. ('60) ; acid phosphatase, Holt ('59) and Rutenberg and Seligman ('55); and glucose-6-phosphatase, Chiquoine ('55) and Wachstein and Meisel ('57) . Only the basement membranes of the tubules and the connective tissue were active, as Baillie ('61) has shown.
QUANTITATIVE RESULTS
After a small peak of activity at ten days, DPN-diaphorase (table 1 ) showed a substantial increase between the fifteenth and twentieth days when measured in terms of wet weight of tissue ( P < 0.05).
These data stand in marked contrast to the reduced activity of the other enzymes analyzed during this interval and to supplementary cytochemical evidence. Testicular DPN-diaphorase activity declined sharply after three weeks and levels in the 60-day mouse approximated half of those detected before weaning (P < 0.001) when compared on the basis of total nitrogen. In terms of wet weight, the depression was not so drastic. Susequently, a vigorous upsurge brought the diaphorase content of the 90-day testis to its peak activity. During the prepubertal period, lactic dehydrogenase activity declined noticeably (table 1) . Based on wet weight, a significant increase (P < 0.025) above 25-day levels was attained at 60 days. Malic dehydrogenase levels were depressed after the second week postpartum, and activity remained low thereafter. Aliesterase activity increased between five and ten days according to quantitative data (table 1 ), but this was not corroborated cytochemically. After a preweaning decline, a sustained rise in esterase activity was observed. Levels at 60 days were significantly greater (P < 0.001) than at 25 days when measured on the basis of wet weight.
Extended efforts to assay 38-hydroxysteroid dehydrogenase activity were unavailing, the causes being similar to those indicated elsewhere (Allen, '60). Acetone, ethanol, methanol, and dioxane, which serve as solvents for the steroid substrate, proved as effective as dehydroepiandrosterone itself in supporting the reaction. At highly alkaline pH values the equilibrium of the reaction is shifted in favor of the product (Talalay, '60) , but the rapid formation of a cyanide-coenzyme complex invalidates absorbancy measurements (Colowick et al., '51) . In this pH range cyanide reacts with acetone also, and interferes with readings (Colowick et al., '51), Substitution of azide for cyanide as a respiratory inhibitor gave inconsistent results. Perhaps there is too little enzyme present to determine activity even under optimum conditions. Homogenates of testes from Bagg albino mice produce Total nitrogen and specific activity of DPN-diaphorase, lactic dehydrogenase, malic dehydrogenase, and aliesterase i n the mouse testis during development only about 4 crmoles of a,Bunsaturated steroid per gram of tissue per hour of incubation (Huseby et al., '54 static at 15 days. PreciseIy at this time the germinal tissue was beginning to expand rapidly, confining the Leydig cells to progressively smaller interstitial spaces, as Stieve ('23) had noted. They became difficult to identify by conventional morphologic criteria and the nuclei often looked dark and pycnotic. No conclusive statement can be made as to their actual atrophy and disappearance during this period. After 25 days the Leydig cells were more numerous, probably as a result of the slight increase in mitotic activity that preceded weaning. Leydig cell division ceased after the sixth week. Testicular nitrogen remained quite low until the mice became nutritionally independent. Between 20 and 30 days the total nitrogen content increased by 50% and maximum values were attained by 60 days (table 1) .
DISCUSSION
The murine testis separates from the undifferentiated mesenchyme of the genital ridge at eleven and one-half or twelve days of gestation (Brambell, '27). Within four days its endocrine component has undergone sufficient structural diff erentiation at the subcellular level to support the coordinated activities of DPN-and TPNdiaphorase, cytochrome oxidase, and lactic, malic, isocitric, and 0-hydroxybutyric dehydrogenases. The activity and distribution of these oxidative enzymes suggest that conventional metabolic pathways are present and presumably are competent to furnish energy for hormonal secretion. Visualization of 30-hydroxysteroid dehydrogenase from fifteen and one-half days of gestation onward, associated temporally with oxidative activity, implies a degree of biochemical integration requisite for steroidogenesis. The strong mitotic activity found during late gestation marks a growth phase which dominates the gonad at this time. These observations suggest that the murine Leydig cells are biochemically competent for almost a full week before birth and probably capable of fulfilling their secretory function. The increased enzymatic activity of the endocrine tissue through the first week after birth is the result not so much of each Leydig cell producing larger concentrations of a particular catalyst, but of the combined activity of many Leydig cells enhancing the total response.
The variations in intensity of 30-hydroxysteroid dehydrogenase responses during testicular development suggest that steroid synthesis in the individual Leydig cells is unsynchronized. Conceivably, a relatively small amount of testosterone suffices for normal body needs, once the genital tract becomes functional. If the adrenal cortex produces supplementary androgens (Sommers, '58; Allen, '60) , it may, under certain conditions, obviate steroid production by any except a nominal group of Leydig cells. Rubin ('61) has found that the activity of the steroidogenic enzyme may be greater in young rats than in adults, an observation in accord with those made in this study. The activity of the enzyme is increased by injections of gonadotropin (Niemi and Ikonen, '62) .
The effectiveness of pregnenolone and methylandrostenediol as substrates for the 313-hydroxysteroid dehydrogenase reaction implies that this enzyme reacts stereospecifically with the alcohol group in the 313 position, oxidizing it to the corresponding ketone (Samuels, '60) . Estradiol 17(3 and estrone also have a hydroxyl group in the 0 position on C-3, but the aromatic A ring and loss of the double bond at C-5 alter the conformation so radically that these steroids cannot be accommodated on an enzyme surf ace adapted to A5-313 molecules. Positive results with the substrates used allow no conclusion as to the major pathway of testosterone synthesis. The Leydig cells of the mouse testis may utilize the conventional pathway through pregnenolone and progesterone to androstenedione (A4-androsten-3,17-dione) (Slaunwhite and Samuels, '56), or they may synthesize the steroid by way of 17-hydroxypregnenolone and dehydroepiandrosterone, an alternate pathway used by the adrenal cortex (Goldstein et al., '60) . In both routes the 3P-hydroxysteroid enzyme is essential. Methylandrostenediol can be converted to methyltestosterone, but it is not a normal substrate for the 3 1 3 enzyme in mammalian tissue.
The slow accumulation of esterase before puberty suggests that the synthesis of this enzyme may be stimulated by rising hormone levels. Esterolytic responses are prominent in the corpus luteum of the rat ovary (Hunter and Kneiske, '57) and Allen ('58) has suggested that ovarian hormones may be responsible for the high aliesterase levels in the adrenal cortex of the adult female mouse. In the interstitial cells of the rat, low prepubertal esterase levels are doubled between days 27 and 29, and adult concentrations are attained during the following week. Huggins and Moulton ('48) have correlated these data with androgen production and pituitary gonadotropins. In the rat liver, aliesterase rises slowly to a maximum at six weeks (Flint et al., '60) . The striking association of high nonspecific esterase activity in the mature adrenal, ovarian, testicular, and liver tissues, all of which produce steroids, suggests that esterase may be related in some obscure manner to steroid synthesis.
There are few cytochemical techniques available which yield direct information on glycolytic pathways. Since glyceraldehyde-3-phosphate dehydrogenase was not found, and both the a-glycerophosphate and lactic dehydrogenases visualized in this survey are only peripheral enzymes defining possible shunts in the direct route from glucose to pyruvic acid, it is impossible to determine the operational status of the Embden-Meyerhof pathway in the murine Leydig cells. The strong and widelydistributed activity of TPN-diaphorase would be anticipated if the interstitial cells were deriving their energy by means of the hexose monophosphate pathway which generates TPNH. This pathway has been demonstrated in mammalian testes (Field et al., '60) . As for the key TPN-linked enzymes in this shunt, glucose-6-phosphate dehydrogenase could not be visualized in the murine testis, and a reliable method for demonstrating 6-phosphogluconate dehydrogenase is lacking. Niemi and Ikonen ('62) , however, have demonstrated glucose-6-phosphate dehydrogenase activity in the Leydig cells of the rat. The TPNH produced by this glycolytic pathway could be reoxidized in the process of steroid synthesis. Lynn and Brown ('58) have shown that the testicular oxidative enzymes responsible for converting progesterone to testosterone require TPNH in stoichiometric amounts. The elimination of part of the accumulating TPNH by a steroidogenic system would do away with the need for large amounts of TPN-diaphorase. It is possible that increased androgen production is correlated with the decrease in TPN-diaphorase seen in the mouse testis shortly after birth.
Hormonal precursors exercise reciprocal control over the hexose monophosphate shunt and consequently over the amount of TPNH it produces. Catalytic concentrations of testosterone intermediates inhibit glucose-6-phosphate dehydrogenase, thereby decreasing the rate of glycolysis and TPNH formation (McKerns and Kaleita, '60) . If such mutual regulatory mechanisms are functional in the murine Leydig cells, the triggering of the Embden-Meyerhof pathway would be obligatory only when excessive steroid precursors blocked the hexose monophosphate shunt.
Quantitative determinations of lactic and malic dehydrogenases and aliesterase activities support cytochemical observations. The prepubertal reduction of specific dehydrogenases, apparent cytochemically and quantitatively, is not a consequence of depleted DPN-diaphorase levels (Cascarano and Zweifach, '59), since these increase between 15 and 20 days. Although quantitatives studies showed DPNdiaphorase diminution after day 20, the activity of this enzyme was not depressed according to cytochemical criteria. The tremendous increase in the germinal tissue evidenced by elevated levels of total nitrogen and the general histological picture, may have acted to dilute the diaphorase content of the homogenate.
Within the time course of maturation, patterns of enzymatic responses may bear the imprint of major developmental crises without necessarily being causally linked to them. Thus, substantial increases in enzyme activity precede birth (Dawkins, '61) and weaning (Moog, '51) . Fluctuations in oxidative enzyme levels within the testicular interstitium are a meaningful expression of the growth pattern of a composite organ. The steady increase in enzyme responses in the fetal Leydig cells continues unabated through the first week of postnatal life and reflects clearly the initial activity of the endocrine tissue. But as the germinal epithelium inaugurates a second testicular growth phase during the third week after birth, the wave of Leydig cell division subsides and enzyme responses associated with these cells decline correspondingly. In the postpubertal animal the two cycles are gradually synchronized. Augmented catalytic activity brings the assemblage of demonstrable interstitial enzymes to adult levels soon after reproductive maturity.
SUMMARY
The Leydig cells of the mouse testis display partial physiological differentiation after the fifteenth day of gestation, as indicated by the presence of DPN-and TPNdiaphorase, malic, lactic, (3-hydroxybutyric, and isocitric dehydrogenases, and cytochrome oxidase. Early androgen synthesis is postulated on the basis of cytochemical evidence for 3B-hydroxysteroid dehydrogenase at this time. The DPN-linked aglycerophosphate dehydrogenase appears a few days before birth, but succinic dehydrogenase is first seen in the neonatal testis, and aliesterase becomes intense only after 30 days.
A marked depression of most of the DPN-linked catalysts, DPN-diaphorase excepted, occurs between the fifteenth and the twenty-fifth day postpartum. This decline in enzymatic activity is correlated with initiation of growth in the seminal epithelium and the dearth of Leydig cells in the interstices, following a sharp decrease in mitosis during the first week after birth. All enzymes achieve maximum distribution after puberty. DPNdiaphorase undergoes a significant decline in activity extending beyond the beginning of reproductive maturity. Levels are restored to their former peak at 90 days. 
